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Although Zn metal has been regarded as the most promising anode for aqueous batteries, it 
persistently suffers from serious side reactions and dendrite growth in mild electrolyte. The 
spontaneous Zn corrosion and hydrogen evolution damage the shelf life and calendar life of Zn-
based batteries, severely affecting their industrial applications. Herein, a robust and 
homogeneous ZnS interphase is built in situ on the Zn surface by a vapour-solid strategy to 
enhance Zn reversibility. The thickness of the ZnS film is controlled via the treatment 
temperature, and the performance of the protected Zn electrode is optimized. The dense ZnS 
artificial layer obtained at 350 °C not only suppresses Zn corrosion by forming a physical 
barrier on the Zn surface, but also inhibits dendrite growth via guiding the Zn plating/stripping 
underneath the artificial layer. Accordingly, a side reaction-free and dendrite-free Zn electrode 
is developed, the effectiveness of which is also convincing in a MnO2/ZnS@Zn full-cell with 
87.6% capacity retention after 2500 cycles. 
 
1. Introduction 
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Recently, Zn metal batteries have gained extensive attention due to the advantages of Zn metal 
stemming from its high abundance, low toxicity, low reduction potential, high hydrogen 
evolution over-potential, and high theoretical capacity (gravimetric capacity of 820 mA h g−1 
and volumetric capacity of 5855 mA h cm−3).[1] Nevertheless, Zn metal anode in mild 
electrolyte still faces severe inherent problems of dendrite growth, Zn corrosion, and hydrogen 
evolution, which significantly compromise the Coulombic efficiency (CE), cycling stability, 
and practical implementation of Zn metal batteries.[2]  
According to our previous study,[3] fresh Zn metal is highly unstable in mild electrolyte and 
generates a loose Zn4SO4(OH)6·xH2O layer that cannot block the electrolyte to stop side 
reactions, including the hydrogen evolution, which easily causes battery swelling. It is well-
known that there is a dense Zn5(CO3)2(OH)6 passivation layer on the Zn metal surface due to 
its oxidation by contact with oxygen and moisture in the air.[4] This layer is homogeneous and 
dense enough to effectively reduce the Zn corrosion rate in air.[5] Could this layer protect the 
fresh Zn in mild electrolyte by termination of side reactions? Does the existence of this layer 
have an impact on the Zn stripping/plating behavior during Zn battery operation? Up until now, 
little attention has been paid to in depth understand this dense passivation film in Zn metal 
batteries.  
To date, most efforts have been spent on suppressing Zn dendrite growth to enhance the CE of 
Zn metal, such as by designing eutectic Zn-alloys,[6] developing new/highly-concentrated 
electrolytes,[1a, 7] introducing different electrolyte additives,[8] and controlling the Zn 
deposition.[9] Although these strategies stabilize Zn metal to some extent, the battery 
performance is still far from satisfactory for industrial application due to the persistence of side 
reactions.[10] Because Zn electrode continuously reacts with the electrolyte during 
transportation and during the shelf time after battery assembly but before customer use, the 
practical application of Zn batteries is severely limited. Building artificial solid-electrolyte 
interphase (SEI) layers should be a good alternative, which could not only inhibit Zn dendrite 
     
3 
 
growth, but also stop the side reactions.[11] The inhomogeneous and uncompacted artificial 
layers built by ex situ techniques, however, are unlikely to effectively block electrolyte from 
the Zn metal surface, and thus the side reactions, including Zn corrosion and hydrogen evolution, 
would still occur when the uncovered Zn contacted with the electrolyte. Even worse, such SEI 
layers feature poor adhesion and are easily detached from the Zn surface due to the volume 
changes during cycling, so they cannot fully protect the fresh Zn metal underneath. Moreover, 
most artificial layers still suffer from low transference numbers (𝑡𝑍𝑛2+), which may negate the 
benefits of the inhibition of dendrite growth. Because the divalent Zn2+ ion (radius, 0.74 Å) has 
a much higher electric charge density compared to the monovalent Li+ and Na+ ions (radii, 0.76 
and 1.02 Å, respectively)[12], a huge energy barrier is created for Zn2+ transfer in these artificial 
layers. Therefore, in situ development of a dense and homogeneous artificial SEI with strong 
adhesion and a high 𝑡𝑍𝑛2+  is still challenging for Zn metal anode. 
Here, the protective function of the oxidation layer on Zn metal is studied in-depth in 1 M ZnSO4 
electrolyte, with the results indicating that this dense Zn5(CO3)2(OH)6 oxidation layer is 
thermodynamically unstable in mild electrolyte and cannot act as an effective barrier against 
Zn corrosion. Since it would be gradually transformed into a loose Zn4SO4(OH)6·xH2O layer 
after soaking in 1 M ZnSO4 electrolyte. To effectively suppress the Zn dendrite growth and the 
side reactions, we have elaborately built a compact artificial ZnS layer on the Zn metal surface 
by an in situ vapour-solid strategy. Different temperatures have been conducted, with the results 
suggesting that a homogeneous ZnS coating was realized at 350 °C (ZnS@Zn-350). At the 
interphase of ZnS and Zn metal, S atoms have a bonding interaction with the Zn atoms in the 
Zn metal due to the occurrence of charge migration, as confirmed by the density functional 
theory (DFT) calculations. The unbalanced charge distribution not only enhances the Zn2+ 
diffusion at the ZnS@Zn interphase but also increases the adhesion of the ZnS film to the Zn 
surface. Importantly, the ZnS layer is highly stable in aqueous electrolyte, contributing to 
enhancement of the Zn reversibility by avoiding the side reactions. Thanks to its good 
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mechanical strength and high ionic conductivity, the ZnS coating film facilitates dendrite-free 
Zn plating/stripping, as confirmed by in situ optical microscopy. With this strategy, high cycling 
stability (> 2500 cycles) and high CE (> 99.8%) were realized in both symmetric cells and full-
cells when coupled with MnO2 cathode.  
2. Results and discussion 
2.1 Fundamental study on Zn metal 
A dense zinc hydroxycarbonate (i.e. Zn5(CO3)2(OH)6 or Zn4CO3(OH)6·H2O) passivation layer 
forms on the Zn metal surface once it is exposed to air, which can significantly retard the 
corrosion process by keeping out moisture and oxygen.[13] Can this passivation film protect the 
Zn metal or influence the Zn plating/stripping behavior in 1 M ZnSO4 electrolyte? These 
fundamental issues are still unclear. To address these problems, the stability of this oxidation 
layer was first studied in 1 M ZnSO4. A scanning electron microscope (SEM) image of bare Zn 
metal without polishing shows a flat surface with some holes (Figure 1a). After deep cleaning, 
the oxidation layer was removed, with many scratches remaining on the polished Zn metal 
(Figure S1, Supporting Information), which was confirmed by Fourier transform infrared 
(FTIR) spectroscopy (Figure S2, Supporting Information). Bare Zn foil shows an absorption at 
approximately 1500 cm−1, corresponding to the v3 (CO3)
2− antisymmetric stretching mode, 
which is convincing evidence of the presence of a Zn5(CO3)2(OH)6 layer.
[14] No obvious 
absorption can be observed after polishing, indicating that the Zn5(CO3)2(OH)6 layer was 
thoroughly removed. Both the bare Zn metal and the polished Zn were soaked in 1 M ZnSO4 
electrolyte. After one week, the surfaces of both the bare and polished Zn metal incurred a 
severe corrosion reaction with significant colour change (Figure S3, Supporting Information). 
The SEM image in Figure 1b shows by-products with the morphology of regular hexagonal 
flakes that cover the whole surface of the bare Zn, which is similar to what is seen on the 
polished Zn (Figure S4, Supporting Information), demonstrating that the Zn5(CO3)2(OH)6 layer 
is highly active in the electrolyte. X-ray diffraction (XRD, Figure S5, Supporting Information) 
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and FTIR measurements were conducted to identify the by-products of both samples. The 
results indicated that the by-product generated on both electrodes was Zn4SO4(OH)6·xH2O, as 
further confirmed by the energy dispersive spectroscopy (EDS) mapping of S and Zn elements 
(Figure 1c-e). Accordingly, the Zn5(CO3)2(OH)6 passivation layer cannot function as a 
protective layer in the electrolyte due to its high thermodynamic activity. The corrosion reaction 
of bare Zn with a Zn5(CO3)2(OH)6 passivation layer can be expressed as following: 
𝑍𝑛5(𝐶𝑂3)2(𝑂𝐻)6 + 𝑆𝑂4
2− + 4 𝐻+ + (𝑥 − 2)𝐻2𝑂 → 𝑍𝑛4𝑆𝑂4(𝑂𝐻)6 · 𝑥𝐻2𝑂 + 2𝐶𝑂2 + 𝑍𝑛
2+           (1)   
𝑍𝑛 ↔ 𝑍𝑛2+ + 2𝑒−                 (2)  
2𝐻2𝑂 + 2𝑒
− ↔ 2𝑂𝐻− + 𝐻2                (3)                                                                                                                               
4𝑍𝑛2+ + 6𝑂𝐻− + 𝑆𝑂4
2− + 𝑥𝐻2𝑂 ↔ 𝑍𝑛4𝑆𝑂4(𝑂𝐻)6 ∙ 𝑥𝐻2𝑂        (4)    
The electrochemical performance of symmetrical Zn cells with/without polishing was tested to 
investigate the influence of the Zn5(CO3)2(OH)6 layer on the Zn electrodeposition behaviour. 
Figure 1f compares the initial charge/discharge voltage profiles of both cells. Remarkably, the 
bare Zn cell displays a higher voltage hysteresis compared to the polished Zn cell at the start of 
charge, indicating its higher energy barrier for Zn stripping/plating due to the passivation 
layer.[15] As the charge proceeds, the voltage hysteresis of the bare Zn cell decreases, probably 
due to the dissolution of the passivation layer in ZnSO4 electrolyte, but it increases in the 
polished Zn cell, indicating the enhanced impedance due to the by-product layer formation. 
Electrochemical impedance spectroscopy (EIS) measurements of Zn cells were conducted after 
different numbers of cycles (Figure S6, Supporting Information). Both bare and polished Zn 
cells show two different charge transfer steps after one cycle and after 50 cycles, manifesting 
the additional by-product layer generated during the charge-discharge process. Digital images 
of the bare and polished Zn metal electrodes reveal that the two kinds of Zn electrodes suffered 
from serious surface corrosion with an obvious colour change during cycling (Figure S7, 
Supporting Information). SEM images show by-product formation and corrosion on the Zn 
surface regardless of the presence of a passivation layer (Figure S8, Supporting Information), 
     
6 
 
as further confirmed by the XRD patterns. Before cycling, only the characteristic peaks of Zn 
metal located at 36.4°, 39.1°, and 43.3° can be found for the bare Zn electrode (Figure 1g), 
which suggests that the Zn5(CO3)2(OH)6 layer is hard to identify.
[16] After one cycle, a small 
peak at 8.5° can be detected, corresponding to the (002) planes of Zn4SO4(OH)6·xH2O by-
product, and the intensity increases with further cycling (50 cycles), indicating the aggravated 
side reactions during battery operation, which is similar to the XRD patterns of the polished Zn 
after different numbers of cycles (Figure S9, Supporting Information). Although removal of the 
Zn5(CO3)2(OH)6 reduces the energy barrier for Zn stripping/plating and prolongs the cycling 
lifespan from ~100 h to ~250 h at 2 mA cm−2 (Figure S10, Supporting Information), the 
performance of the polished Zn cell is still far from satisfactory due to the notorious Zn dendrite 
growth and side reactions. 
2.2 In situ building ZnS film  
Building a dense and homogeneous SEI layer is an effective strategy to enhance the Zn 
reversibility.[17] Based on the phase diagram of sulfur (Figure S11, Supporting Information), we 
have elaborately grown an artificial ZnS film on the Zn metal surface by an in situ vapour-solid 
reaction, as illustrated in Figure 2a. Specifically, sulfur can be vaporized at ~200 °C under the 
pressure of ~1 × 10−3 atm, and the sulfur vapour will react with Zn metal by generating ZnS at 
high temperatures. Accordingly, Zn foil was put in a specially designed tube with 100 g sulfur 
powder below it. Then, the tube was evacuated and sealed. At high temperature, the gaseous 
sulfur vapour spread to the Zn metal surface and reacted with Zn metal to generate a dense and 
uniform ZnS layer. As aforementioned, Zn electrode, whether with/without a Zn5(CO3)2(OH)6 
layer, is highly unstable, and suffers from side reactions and dendrite growth during battery 
operation (Figure 2b), which not only fades the CE and reversible capacity, but also shortens 
the cycling lifespan of Zn batteries. In striking contrast, the ZnS protective layer on the Zn 
surface not only effectively inhibits the corrosion reactions by blocking the electrolyte, but also 
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suppresses the Zn dendrite growth by guiding the Zn2+ stripping/plating underneath, enhancing 
the reversibility of Zn metal (Figure 2b). 
To study the influence of the treatment temperature on the ZnS film, different operating 
temperatures of 300, 350, and 400 °C were conducted. From the XRD patterns of ZnS@Zn 
electrodes (Figure 3a), the sample obtained at 300 °C (ZnS@Zn-300) only shows the 
characteristic peaks of Zn metal, indicating no obvious formation of ZnS film at this 
temperature, as further confirmed by EDS mapping (Figure S12, Supporting Information). No 
clear S element layer can be found on the Zn metal surface, suggesting that this is an improper 
operating temperature. When the temperature was increased to 350 °C, the XRD pattern 
displayed new peaks at 28.6°, 47.5°, and 56.3°, corresponding to the (111), (220), and (311) 
planes of ZnS (PDF # 00-005-0566), respectively.[18] The intensity of these peaks increased 
when the temperature was increased to 400 °C. Figure S13 (Supporting Information) presents 
digital images of ZnS@Zn electrodes obtained at different temperatures, with the ZnS@Zn-300 
foil showing almost no change in colours or luminosity. Remarkably, the surfaces of the 
ZnS@Zn-350 and ZnS@Zn-400 foils changed significantly due to the sulfur-vapour reaction. 
Unfortunately, the ZnS@Zn-400 foil also suffered from serious distortion due to the 
deformation of the Zn metal at the high temperature, indicating that the high temperature of 
400 °C is unsuitable, too. SEM images show that the Zn surface was evenly covered by ZnS at 
350 °C (Figure 3b). The cross-sectional image (Figure 3c) reveals a homogeneous ZnS coating 
layer with a thickness of ~0.5 µm, as further confirmed by the high-resolution image (Figure 
S14, Supporting Information) and EDS mapping (Figure 3d). X-ray photoelectron spectroscopy 
(XPS) spectra of bare Zn and ZnS@Zn-350 were collected (Figure 3e, f), and the bare Zn 
electrode only shows the binding energies of Zn 2p1/2 and Zn 2p3/2 at 1045.1 and 1021.9 eV, 
respectively. Whereas, the ZnS@Zn-350 displays the S signals of S 2p3/2 and S2p1/2 located at 
161.9 and 163.2 eV, respectively.[19] Importantly, a small binding energy shift in the Zn 2p3/2 
region was mainly due to the formation of Zn-S polar bonds at the interphase of ZnS and Zn 
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metal, which enhances the adhesion of the ZnS film to the Zn metal. According to a previous 
report,[20] the Zn (002) facet is transformed into ZnS (002) at the interphase of ZnS@Zn, as 
illustrated in Figure 3g. DFT calculations revealed that the bonding interaction occurs between 
the S atoms and Zn atoms in the Zn metal, which modifies the charge distribution (Figure 3h) 
and further leads to an unbalanced charge distribution at the interphase (Figure 3i). The 
unbalanced charge distribution not only accelerates the Zn2+ diffusion at the ZnS@Zn 
interphase, but also enhances the adhesion of the ZnS layer to the Zn metal.[21] Rolling and 
twisting experiments were also conducted to evaluate the adhesion between the ZnS layer and 
the Zn metal. As depicted in Figure S15 (Supporting Information), the ZnS@Zn-350 foil keeps 
its surface integrity after twisting to various degrees, suggesting good adhesion between the 
ZnS layer and the Zn metal. 
2.3 Blocking electrolyte and suppressing dendrite growth 
In order to study the stability of the ZnS layer, ZnS@Zn-350 foil was soaked in 1 M ZnSO4 
electrolyte for 10 days. The digital images of the ZnS@Zn-350 foil show similar surfaces before 
and after soaking in electrolyte for 10 days (Figure S16, Supporting Information), 
demonstrating that this layer is highly stable. The XRD pattern was collected after the soaking 
in electrolyte (Figure S17, Supporting Information), which is similar to that for ZnS@Zn-350 
foil before soaking and without any peaks for the Zn4SO4(OH)6·xH2O by-product, indicating 
that the side reactions between the Zn metal and the electrolyte were disrupted. The impact of 
the ZnS layer on Zn metal corrosion was investigated by linear polarization experiments in 1 M 
ZnSO4 electrolyte (Figure S18, Supporting Information). Compared to the bare Zn, the 
corrosion potential of the ZnS@Zn-350 increased from −1.052 V to −1.048 V, suggesting that 
it has less tendency towards corrosion reactions.[22] Notably, this ZnS layer also reduces the 
corrosion current by 368.5 µA cm−2. In addition to inhibiting the side reactions, the ZnS layer 
also functions as a robust artificial SEI to suppress Zn dendrite growth because it has poor 
electronic conductivity, but high ionic conductivity and high 𝑡𝑍𝑛2+ . It is well-known that cubic 
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ZnS has been widely used as a semiconductor due to its wide-band-gap properties.[23] The 
electrical resistivity () of the ZnS protective film was also evaluated (Figure S19, Supporting 






, in which R is the resistance, 
I is the applied current, L is the thickness of the ZnS, U is the corresponding voltage, and S is 
the contact area,  was estimated as ~1.5 × 105 Ω∙cm (σ  6.5 × 10–6 S∙cm–1). The high resistance 
introduced by the insulating ZnS layer is critical for establishing the necessary potential 
gradient across the artificial film to drive Zn2+ diffusion through the layer.[24] In addition, the 
ZnS film features good ionic conductivity (evaluated as ~1.3 × 10–5 S∙cm–1, Figure S20, 
Supporting Information), which facilitates Zn2+ diffusion through this protective film. 
Furthermore, the 𝑡𝑍𝑛2+  was further calculated to quantitatively describe the Zn
2+ conducting 
ability of the ZnS protective layer. In a bare Zn symmetric cell, a rather low 𝑡𝑍𝑛2+  of 0.33 was 
obtained (Figure S21a, Supporting Information), which is mainly due to the strong preferential 
solvation of Zn2+ over the anions, leading to a bulky solvation shell around Zn2+. SO4
2– anions 
tend to migrate in the opposite direction from Zn2+ and eventually accumulate at the electrode 
surface, resulting in a build-up of the concentration gradient. This concentration gradient not 
only limits the rate at which the battery may be charged or discharged, but also creates a 
concentration overpotential that limits the operating voltage of the battery, thus limiting the 
power and energy density of the battery.[25] Notably, 𝑡𝑍𝑛2+  can be dramatically improved to 
~0.78 after introducing the ZnS layer (Figure S21b, Supporting Information), suggesting that 
the anions were effectively retarded by this protective layer. 
To confirm the suppression of Zn dendrite growth by the ZnS artificial layer, transparent 
symmetric cells were assembled to in situ monitor the Zn plating/stripping behaviour using an 
optical microscope equipped with a digital camera. A high current density of 5 mA cm−2 with 
10 min of intermittence was applied to repeatedly conduct plating/stripping measurements. 
Figure 4a presents images of a bare Zn electrode after different plating/stripping cycles. Before 
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cycling, the bare Zn electrode displays a smooth edge. After 50 cycles, protrusions start to grow 
along the edge of the bare Zn electrode, which evidences uneven Zn plating. These protrusions 
gradually turns into Zn dendrites on the Zn electrode with further cycling. In strong comparison, 
the ZnS@Zn-350 electrode exhibits smooth Zn plating and stripping in Figure 4b. There is still 
no sign of protrusions or Zn dendrite generation, even after 250 cycles. 
SEM was further conducted to observe the Zn electrodeposition with/without the ZnS protective 
layer. Zn deposition was conducted under 1 mA cm−2 with the deposition capacity of 1 mA h 
cm−2 and 2 mA h cm−2, respectively. Figure 4c shows a cross-sectional image of the bare Zn 
metal after Zn plating (1 mA h cm−2). Remarkably, uneven deposition occurred on the Zn 
surface with serious agglomeration, which easily triggers dendrite growth. After deposition of 
2 mA h cm−2, the agglomeration was aggravated, raising a potential safety issue after further 
Zn plating (Figure 4d). In contrast, no obvious Zn plates or protrusions were generated on the 
ZnS@Zn-350 surface after 1 mA h cm−2 of plating (Figure 4e), indicating that the ZnS 
protective layer helps to guide homogeneous Zn deposition underneath the film. Moreover, the 
thickness of the deposited Zn was approximately 1.5 µm, similar to its theoretical value (~1.7 
µm under 1 mA h cm−2).  Even after 2 mA h cm−2 of plating, uniform deposition under the ZnS 
layer was still observed, as shown in Figure 4f, resulting in dendrite-free Zn plating.      
2.4 Electrochemical performance of ZnS@Zn electrode 
The CE is one of the most important parameters used to evaluate the reversibility of Zn plating 
and stripping.[26] In a Cu-Zn cell, the CEs were calculated from the ratio of Zn removed from 
the Cu substrate to that deposited during the same cycle. The ZnS protective layer on Cu foil 
was obtained by the doctor blading method. First, the morphology of Zn deposition on the bare 
Cu and ZnS@Cu was studied at current density of 2 mA cm−2 with a capacity of 1 mA h cm−2. 
Clearly, the bare Cu substrate was covered by mossy Zn plates with obvious protrusions. In 
comparison, no obvious protrusions were generated on the ZnS@Cu surface, further indicating 
that the ZnS protective layer guides the Zn deposition (Figure S22, Supporting Information). In 
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the Cu-Zn cell, the initial CE was only ~77.6% and gradually increased to ~97.6% after the first 
20 cycles (Figure 4g). Such a CE is still low, however, due to the poor reversibility of Zn metal 
caused by the side reactions and dendrite formation. Notably, the CEs fluctuate greatly after 
~120 cycles, which is mainly due to short-circuiting of the battery. The ZnS@Cu-Zn cell, 
however, displayed a much higher initial CE of ~88.5% compared to the Cu-Zn cell, and it 
increased to 99.2% in the following 10 cycles. Even after 200 cycles, the CE remained stable, 
mainly benefiting from the suppression of side reactions and dendrite growth. The charge-
discharge voltage profiles for different cycles of the Cu-Zn cell are shown in Figure 4h. The 
initial voltage hysteresis is ~141 mV for the Cu-Zn cell, much higher than that for the ZnS@Cu-
Zn cell (~105 mV, Figure 4i), indicating a higher energy barrier for Zn nucleation/dissolution 
in the phase transition between Zn2+ ions and Zn metal.[27]  
The stability of Zn metal anode with/without a ZnS layer was evaluated by long-term 
galvanostatic cycling of the symmetrical cells (Figure 5a). After cycling for ~100 h at 2 mA 
cm−2, a sudden reduction of the polarization voltage appeared in the bare Zn cell, which might 
be ascribed to a dynamic dendrite-induced short circuit. In contrast, the ZnS@Zn-350 cell 
displayed prolonged cycling stability for more than 1100 h. Figure 5b compares the first charge-
discharge voltage profiles of both cells. The ZnS@Zn-350 cell delivers a polarization voltage 
of ~98 mV, much lower than that of the bare Zn cell (~153 mV), indicating its low energy 
barrier for Zn deposition. Even after 40 cycles, the bare Zn cell still maintains a large 
polarization voltage (Figure S23, Supporting Information). One of the probable reasons for the 
high energy barrier is that the accumulation of detrimental by-products may block the 
conduction of ions.[28] The rate performance of Zn cells was investigated at various current 
densities from 0.2 to 10 mA cm−2, as shown in Figure 5c, in which the bare Zn cell always 
exhibits substantially higher voltage hysteresis than the ZnS@Zn-350 cell, suggesting low 
polarization and favourable stability in the ZnS@Zn-350 cell. After the rate tests, the 
morphology of the Zn and the ZnS@Zn-350 electrodes was studied by SEM. The bare Zn 
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electrode had an uneven surface with many agglomerated Zn plates, as shown in Figure S24 
(Supporting Information), which is mainly caused by the Zn corrosion and dendrite growth. 
The ZnS@Zn-350 electrode displays a clean surface, however, resulting from its corrosion-free 
and dendrite-free stripping/plating behaviour (Figure S25, Supporting Information). 
To further prove the suitability for application of ZnS@Zn-350 electrode, a MnO2/Zn full-cell 
was assembled by choosing MnO2 electrode as the cathode, since it is one of the most promising 
candidates for aqueous Zn batteries.[29] Figure S26 (Supporting Information) presents 
representative SEM images of electrodeposited MnO2 on carbon cloth. The surface of the 
carbon cloth is covered by MnO2 clusters featuring a petal-like nanostructure. The full-cell was 
tested in electrolyte consisting of 1 M ZnSO4 + 0.1 M MnSO4, in which MnSO4 was used as an 
additive to inhibit the dissolution of Mn2+ from the MnO2 cathode.
[30] Typical stepwise charge-
discharge curves of the MnO2/ZnS@Zn-350 battery were observed at 1 C (Figure S27, 
Supporting Information), suggesting the Zn2+ and H+ co-intercalation mechanism.[31] The cyclic 
voltammetry (CV) curves of the MnO2/Zn and MnO2/ZnS@Zn-350 batteries are compared in 
Figure S28 (Supporting Information) and Figure 5d. Clearly, the MnO2/ZnS@Zn-350 battery 
shows smaller voltage polarization (~20 mV) than that of the MnO2/Zn battery, indicating its 
good reversibility due to the ZnS protection. The long-term cycling stability curves of both 
batteries at the high rate of 5 C are plotted in Figure 5e. The cell with bare Zn foil presents an 
initial capacity of ~115.6 mA h g−1. The capacity dramatically drops after 1000 cycles, however, 
mainly because the separator was pierced by Zn dendrites, leading to the short-circuiting of the 
battery. In contrast, the MnO2/ZnS@Zn-350 battery delivers a higher initial capacity (125.8 
mA h g−1) compared to the MnO2/Zn battery. After 2500 cycles, a high capacity of 110.2 mA 
h g−1 with a high CE of 99.3 % was retained, corresponding to capacity retention of 87.6%, 
which is mainly due to the inhibition of Zn corrosion and dendrite growth during the battery 
operation. 
3. Conclusion 
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The protective function of Zn5(CO3)2(OH)6 passive film on Zn metal was explored in 1 M 
ZnSO4 electrolyte. Although this dense passivation layer could passivate Zn metal in air by 
blocking oxygen and moisture, it cannot protect Zn metal in mild electrolyte. Accordingly, a 
homogeneous and dense ZnS protective film was introduced in situ on the Zn metal surface by 
a high-temperature vapour-solid strategy. This film was found to be highly stable in mild 
electrolyte, which contributes to improving the reversibility of Zn metal by avoiding the 
electrolyte-induced side reactions. Moreover, this robust ZnS film shows strong adhesion, good 
mechanical strength, and high ionic conductivity, which enables even Zn plating/stripping, as 
confirmed by in situ optical microscopy. The ZnS@Zn-350 symmetrical cell delivered a smaller 
voltage polarization and longer lifespan of > 1100 h at 2 mA h cm−1 compared to the bare Zn 
cells. Benefiting from the side-reaction-free and dendrite-free ZnS@Zn-350 electrode, the 
MnO2/ZnS@Zn-350 full-cell displayed excellent cycling stability, with 87.6% capacity 
retention after 2500 cycles. Our fundamental findings offer a better understanding of Zn metal 
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Figure 1. Characterization of the passivation layer on Zn metal. a) SEM image of bare Zn foil 
without polishing. b) SEM image of bare Zn foil after soaking in electrolyte for one week. c-e) 
Energy dispersive spectroscopy (EDS) mapping of the plates generated during the side reactions, 
showing the uniform distribution of S and Zn elements. f) Initial charge/discharge voltage 
profiles of a bare Zn symmetric cell and a polished Zn symmetric cell, with an enlargement in 
the inset. g) X-ray diffraction (XRD) patterns of bare Zn electrode before cycling, and after 1 
and 50 cycles. Green peaks indicate metallic Zn and blue peaks indicate the by-product of 
Zn4SO4(OH)6·xH2O. 




Figure 2. Schematic illustration of the artificial ZnS layer and Zn plating behaviour 
with/without ZnS. a) Introducing the ZnS layer on the surface of  Zn metal substrate by an in 
situ strategy. b) Zn plating on the bare Zn foil with a Zn5(CO3)2(OH)6 passivation layer, leading 
to side reactions and dendritic Zn deposition. b) After incorporating the artificial ZnS layer on 
the Zn surface, uniform and compact Zn plating behaviour without side reactions can be 
obtained. 
  




Figure 3. Characterization of Zn foil protected by a ZnS layer and the charge density 
distribution at the interface between the ZnS layer and the Zn metal. a) XRD patterns of 
ZnS@Zn foils obtained at different temperatures. b) SEM image of ZnS@Zn-350 foil (top-
view). c) Cross-sectional image of ZnS@Zn-350 foil, showing that the thickness of the ZnS is 
approximately 0.5 µm. d) EDS mapping of Zn element (top) and S element (bottom). XPS 
characterizations of bare Zn and ZnS@Zn-350 foil: e) Zn 2p spectra, f) S 2p spectra. g) 
Schematic representation of the ZnS@Zn interphase of the ZnS@Zn-350 electrode. h) Electron 
density difference map at the ZnS@Zn interphase. i) Slice of the electron density difference 
map to show the unbalanced charge distribution. 




Figure 4. Optical microscopy and SEM studies of Zn plating behavior: a) Images of the front 
surface of bare Zn, and b) of ZnS@Zn-350 electrode in a symmetric transparent cell after the 
specified numbers of plating/stripping cycles. Cross-sectional SEM images of Zn deposition: 
c) on bare Zn metal at 1 mA cm−2 for areal capacity of 1 mA h cm−2, d) 1 mA cm−2 for 2 mA h 
cm−2, e) on ZnS@Zn-350 foil at 1 mA cm−2 for 1 mA h cm−2, f) 1 mA cm−2 for 2 mA h cm−2. 
g) CEs of Zn plating/stripping in bare Cu-Zn and ZnS@Cu-Zn cells with capacity of 1 mA h 
cm−2. Voltage profiles of the bare Cu-Zn cell (h) and the ZnS@Cu-Zn cell (i) at the 1st, 50th, 
and 100th cycles.  




Figure 5. Electrochemical characterization of the samples. a) Comparison of the cycling 
stability of bare Zn and ZnS@Zn-350 in a symmetric cell at 2 mA cm−2 with the capacity of 2 
mA h cm−2. b) High-resolution voltage profiles for the 1st cycle. c) Rate performances of both 
cells at current densities from 0.2 to 10 mA cm−1. d) Cyclic voltammograms for the 2nd cycle 
of MnO2/Zn batteries using bare Zn and ZnS@Zn-350 anodes. e) Long-term cycling stability 
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Based on the sulfur phase diagram, a dense and robust artificial layer of ZnS is introduced on 
the Zn metal surface via a in situ vapour-solid strategy. This ZnS protective layer not only 
suppresses the side reactions by blocking water from the Zn electrode surface, but also inhibits 
the Zn dendrite growth by guiding homogenous Zn plating/stripping. 
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